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Abstract
We show that supersymmetry breaking in a class of theories with SU(N)SU(N 2)
gauge symmetry can be studied in a calculable sigma model. We use the sigma model
to show that the supersymmetry breaking vacuum in these theories leaves a large sub-
group of avor symmetries intact, and to calculate the masses of the low-lying states.
By embedding the Standard Model gauge groups in the unbroken avor symmetry group
we construct a class of models in which supersymmetry breaking is communicated by
both gravitational and gauge interactions. One distinguishing feature of these models is
that the messenger elds, responsible for the gauge mediated communication of super-
symmetry breaking, are an integral part of the supersymmetry breaking sector. We also
show how a class of sigma models, similar to those obtained above, can be used to build
purely gauge mediated models with a combined supersymmetry breaking-cum-messenger
sector. We briey discuss the phenomenological features of the models we construct.
1 Introduction.
In order to be relevant to nature, supersymmetry must be spontaneously broken. An attractive
idea in this regard is that the breaking occurs nonperturbatively [1] in a strongly coupled sector
of the theory and is then communicated to the Standard Model elds by some \messenger"
interaction. One possibility is that the role of the messenger is played by gravity|giving
rise to the so-called hidden sector models (for a review, see [2]). Another possibility [3], [2],
which has received considerable attention recently [4]-[8] is that the supersymmetry breaking
is communicated by gauge interactions|the gauge mediated models.
The past few years have seen some remarkable progress in the understanding of non-
perturbative supersymmetric gauge theories [9], [10]. This progress has made a more thorough
investigation of supersymmetry breaking possible [11]. We begin this paper by extending the
study of supersymmetry breaking in a class of theories with SU(N)  SU(N   2) gauge
symmetry. These theories were rst considered in ref. [12]. We use some elegant observations
by Y. Shirman [13] to show that the low-energy dynamics of these theories can be studied
in terms of a calculable low-energy sigma model. We use the sigma model to show that the
supersymmetry breaking vacuum in these theories preserves a large group of avor symmetries,
and to calculate the spectrum of low-energy excitations.
We then turn to model building. The models we construct have two sectors: a supersym-
metry breaking sector|consisting of an SU(N)  SU(N   2) theory mentioned above|and
the usual Standard Model sector. The basic idea is to embed the Standard Model gauge
groups in the unbroken avor symmetries of the supersymmetry breaking sector. As a result,
in these models the breaking of supersymmetry can be communicated directly by the Standard
Model gauge groups. This is to be contrasted with models of gauge mediated supersymmetry
breaking constructed elsewhere [4], in which a fairly elaborate messenger sector is needed to
accomplish the feed-down of supersymmetry breaking.
In the models under consideration here, the scale of supersymmetry breaking turns out to
be high, of order the intermediate scale, i.e., 10
10
GeV. As a result, the gravity mediated eects
are comparable to the gauge mediated ones. The resulting phenomenology in these \hybrid"
models is dierent from both the gravity and gauge mediated cases. Scalars acquire both
universal soft masses due to gravity and non-universal masses due to gauge interactions, while
gauginos receive masses only due to gauge interactions. Since the scale of supersymmetry
breaking is large, the gravitino has an electroweak scale mass. Finally, there is new physics in
this theory, at about 10 TeV, at which scale all light degrees of freedom of the supersymmetry
breaking sector, including those carrying Standard Model quantum numbers, can be probed.
The biggest drawback of these models is the following. Since the scale of supersymmetry
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breaking is so high, one cannot, at least in the absence of any information regarding the higher
dimensional operators in the Kahler potential, rule out the presence of avor changing neutral
currents. In this respect these models are no better than the usual hidden sector models.
The high scale of supersymmetry breaking arises as follows. Within the context of the
SU(N)  SU(N   2) models, in order to embed the Standard Model gauge groups in the
unbroken avor symmetries, one is lead to consider large values ofN , namely, N  11. In these
theories supersymmetry breaking occurs only in the presence of non-renormalizable operators
in the superpotential and the dimension of these operators grows as N grows. On suppressing
the eects of these operators by the Planck scale, one is lead to a large supersymmetry breaking
scale.
It is worth mentioning, that a large hierarchy of scales is dynamically generated in the
supersymmetry breaking sector of these models. For example, while supersymmetry breaking
occurs at 10
10
GeV, the elds that play an essential role in supersymmetry breaking have mass
of order 10 TeV. Furthermore, the sigma model used for studying the low-energy dynamics
breaks down at a scale of order 10
12
GeV, larger than the supersymmetry breaking scale.
Prompted by this large large hierarchy of scales we show that a class of sigma models, closely
analogous to those obtained in the SU(N)  SU(N   2) case, can be devised that allow the
supersymmetry breaking scale to be considerably lower than the intermediate scale. We are
not aware of any underlying theory, which gives rise to these sigma models. However, they
can provide a consistent description of supersymmetry breaking, since the scale at which these
eective theories break down is considerably higher than the scale of supersymmetry breaking.
With the help of these sigma models we construct purely gauge mediated models with a
combined supersymmetry breaking and messenger sector. A brief study of the phenomenology
of these models reveal some features which should be more generally true in models of this
type. We hope to return to a detailed phenomenological study of these models in the future.
A few more comments are worth making with respect to the models considered here. First,
from the perspective of a hidden sector theory, the hybrid models are examples of theories
without any fundamental gauge singlets in which gauginos obtain adequately big soft masses.
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Second, one concern about constructing models in which the supersymmetry breaking
sector carries Standard Model charges is that this typically leads to a loss of asymptotic
freedom for the Standard Model gauge groups and the existence of Landau poles at fairly
low energies. One interesting idea on how to deal with this problem involves dualizing [10]
the theory and regarding the resulting dual theory|which is usually better behaved in the
ultraviolet|as the underlying microscopic theory. In the \hybrid" models discussed here, one
1
For an example of a hidden sector theory, in which supersymmetry breaking involves a global supersym-
metric theory and a singlet, and yields reasonable gaugino masses, see ref. [14].
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nds that the Landau poles are pushed beyond an energy scale of order 10
16
GeV. This is a
suciently high energy scale that even without appealing to duality their presence might not
be a big concern. For example, new GUT scale physics (or conceivably even string theory
related physics) could enter at this scale. The non-renormalizable operators, mentioned above,
which are responsible for the large scale of supersymmetry breaking in the \hybrid models"
are also responsible for pushing up the scale at which Landau poles appear; to this extent
their presence is an attractive feature which one might want to retain.
Finally, we would like to comment on the low-energy eective theory used to study the
breaking of supersymmetry in the SU(N)SU(N 2) theories. This eective theory arises as
follows. First, at very high energies, the SU(N  2) group is broken, giving rise to an eective
theory consisting of some moduli elds and a pure SU(N) theory coupled to a dilaton. The
SU(N) theory then connes at an intermediate energy scale giving rise to a low-energy theory
involving just the dilaton and the moduli. Gaugino condensation in the SU(N) theory gives
rise to a term in the superpotential of this low-energy theory and as a result, the superpotential
has a runaway behavior characteristic of a theory containing a dilaton. However, one nds that
this runaway behavior is stabilized due to a non-trivial Kahler potential involving the dilaton.
It has been suggested that a similar phenomenon might be responsible for stabilizing the
runaway behavior of the dilaton in string theory [15]. In the globally supersymmetric models
considered here the stabilisation occurs due to a calculable non-trivial Kahler potential in the
eective theory linking the dilaton with the other moduli.
2 The Supersymmetry Breaking Sector.
2.1 The SU(N) SU(N  2) Models.
In this section we will briey review the models, introduced in [12], that will play the role
of a supersymmetry breaking sector. They have an SU(N)  SU(N   2) gauge group, with
odd N , and matter content consisting of a single eld, Q
 _
, that transforms as ( , ) under











as (1; ). Here, as in the subsequent discussion, we denote the gauge indices of SU(N) and
SU(N   2) by  and _, respectively, while I = 1 : : : N   2 and A = 1 : : :N are avor indices.
We note that these theories are chiral|no mass terms can be added for any of the matter
elds.


















































. These invariants are not independent but subject to classical constraints
[12].


















lifts all classical at directions, provided that 
IA
has maximal rank,
N   2, the matrix 
AB
also has maximal rank (N   1), and its cokernel contains the cokernel
of 
IA
(rank  = N   2). With this choice of couplings, W
tree
also preserves a nonanomalous,











appears in each of the
baryonic terms of the superpotential (2.2), while it does not appear in any of the Yukawa













has to satisfy four conditions: two conditions ensuring that the superpotential (2.2) has R
charge 2, and two conditions that the gauge anomalies of this R symmetry vanish. It is easy
to see that there is a unique solution to these four conditions.
The couplings in the superpotential will be chosen to preserve a maximal global symmetry
2
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A = 1; :::; N 2. The antisymmetric matrix 
AB









, for A;B = N   1; N   2. This choice of
couplings preserves an SP (N   3) global nonanomalous symmetry.
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The dynamics of these models was discussed in [12], where it was shown that when the
superpotential (2.2) is added, the ground state dynamically breaks supersymmetry. In the
next section we will study supersymmetry breaking in these theories in more detail.
2.2 The Low-Energy Nonlinear Sigma Model.
2.2.1 The Essential Ideas.
We show in this section that for a region of parameter space the breaking of supersymmetry
in the SU(N)  SU(N   2) theories can be conveniently studied in a low-energy eective
theory. We identify the degrees of freedom, which appear in this supersymmetric nonlinear
2
This choice of couplings, which preserves the maximal global symmetries, has been made for simplicity.
For the discussion of model building that follows, it is enough to preserve an SU(3)SU(2)U(1)symmetry.
Doing so introduces extra parameters in the superpotential eq. (2.2) but does not alter the subsequent
discussion in any signicant way.
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In our notation SP (2k) is the rank k unitary symplectic group with 2k dimensional fundamental repre-
sentation. J
AB
is the SP (2k) invariant tensor; we take J
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sigma model, and show that both the superpotential and the Kahler potential in the sigma
model can be reliably calculated in the region of moduli space where the vacuum is expected
to occur. This is interesting since the underlying theory that gives rise to the sigma model
is not weakly coupled. In the following section, we then explicitly construct and minimize
the potential responsible for supersymmetry breaking, thereby deducing the unbroken avor
symmetries and the spectrum of the low-energy excitations.
It is convenient to begin by considering the limit M ! 1. In this limit, the baryonic
at directions, described by the gauge invariant elds b
AB
, are not lifted and the model has
runaway directions along which the energy goes to zero asymptotically [13]. As was mentioned
above, we take 
IA




, for A = 1; :::; N 2. The runaway directions
are specied by the condition that b
NN 1
! 1 . The other baryons b
AB
can in addition be
non-zero along these directions. We will see that once one is suciently far along these
directions the low-energy dynamics can be described by a calculable eective theory.
Let us rst consider the simplest runaway direction, b
NN 1
! 1, with all the other
b
AB
= 0. Along this direction the









with v ! 1. Since the SU(N   2) symmetry is completely broken at a scale v, its gauge




elds get heavy or eaten and can be removed from the low-energy theory as well. In addition,
on account of the Yukawa coupling in (2.2) all N 2 avors of SU(N) quarks become massive,
with mass v, and can be integrated out. Thus one is left with an intermediate scale eective




elds and the pure SU(N) gauge theory.
There is one slightly novel feature about the SU(N) group in this eective theory: its strong
coupling scale 
1L














being the scale of the ultraviolet SU(N) theory. Thus the eld b
N N 1
acts as a dilaton
for the SU(N) group in the low-energy theory. Going further down in energy one nds that
the SU(N) group connes at a scale 
1L
, leaving the dilaton, b
NN 1





as the excitations in the nal low-energy theory. Gaugino condensation in















in this low-energy theory.
So far we have considered the simplest runaway direction, b
NN 1
!1, with all the other
b
AB
= 0. There are other runaway directions, along which some of the other baryons go to
innity as well, at a rate comparable or faster than b
NN 1
. In these cases the underlying
5
dynamics giving rise to the eective theory can be sometimes dierent from that described




, with the non-perturbative superpotential (2.4), describes the low-energy dynamics along
these directions as well.
It is not surprising that the exact superpotential can be calculated in this eective theory.
What is more remarkable is that, as has been argued in [13], the corrections to the classical
Kahler potential are small along these runaway directions and thus the Kahler potential
can be calculated in the eective theory as well. Thus, as promised above, the eective
theory is completely calculable. Let us briey summarize Shirman's argument here. Since the
SU(N 2) theory is broken at a high scale the corrections to the Kahler potential one is worried
about must involve the eects of the strongly coupled SU(N) group
4
with a strong coupling
scale 
1L































. We are interested in the behavior of f(t) when R!1, i.e.,
t! 0. Now, it is easy to see that this limit can also be obtained when 
1
! 0. In this case it
is clear that the strong coupling eects due to the SU(N) group must go to zero and thus the
corrections to the Kahler potential for

R must be small. Hereafter, we will take the Kahler
potential to be classical. The discussion above shows that this is a good approximation as
long as 
1L
 v, where v denotes the vacuum expectation value of the

R elds.
Let us now briey summarize what has been learned about the theory when M ! 1.
We found that the theory had runaway directions. The low-energy dynamics along these





. Finally, both the superpotential and the Kahler potential in this eective theory
can be calculated.
Armed with this knowledge of the M !1 limit we ask what happens when we consider
M to be large but not innite. It was shown in [12] that once the last term in (2.2) is turned
on, the theory does not have any runaway directions and breaks supersymmetry. However,
and this is the crucial argument, for a large enough value of M the resulting vacuum must
lie along the runaway directions discussed above (since the runaway behavior is ultimately
stopped by the 1=M
N 5
terms in (2.2)), and therefore the breaking of supersymmetry can be
analyzed in terms of the low-energy theory discussed above.
4
As mentioned above along some of the runaway directions the underlying dynamics is somewhat dierent.
Correspondingly the strongly coupled eects do not always involve the full SU(N) group. However, an
analogous argument shows that the corrections to the classical Kahler potential are small along these directions
as well.
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2.2.2 The Explicit Construction.
We now turn to explicitly constructing the low-energy eective theory. The light degrees
of freedom of the






or the gauge invariant baryons b
AB
. The use of the baryons is more convenient [16],
since it automatically takes care of integrating out the heavy SU(N   2) vector elds and
their superpartners at tree level (see also [17], [18]), and provides an explicitly gauge invariant
description of the low-energy physics.















, where the heavy vector
supereld V is integrated out by solving its classical equation of motion. In terms of the
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AB














which follow from their denition (2.1) and Bose symmetry. We can now use these constraints
to solve for the redundant baryons in terms of an appropriately chosen set thereby obtaining
the required Kahler potential. Counting the number of eaten degrees of freedom and com-
















6= 0) and we consequently use them as the independent elds.
For notational convenience, we introduce the elds S and P
A
, (hereafter A;B = 1; :::; N 











potential (2.5) and superpotential of the eective theory, after using the constraint (2.6) to
solve for the redundant degrees of freedom, become:






















































































, and v (which describes uctuations corresponding to motion along the at
direction). Using the denitions of the baryons (2.1) one can see that uctuations of b
N 1 A
, with A < N   1,





, while uctuations of b
N A










respectively. The superpotential above was obtained by adding the last term of (2.2)|with
the matrix 
AB
chosen to preserve SP (N   3), as described in Section 2.1|to the nonpertur-
batively generated superpotential, eq. (2.4).
We will see, in the following sections, that the sigma model has a stable supersymmetry
breaking vacuum. As discussed above, the eld S is a dilaton for the SU(N) gauge group.
The rst term in the superpotential (2.8) could have lead to runaway behavior. This runaway
behavior is, however, stopped by the Kahler potential (2.7), which links the dilaton to the
other moduli.
2.3 Mass Scales and Spectrum of the Sigma Model.
2.3.1 Mass Scales.
With the sigma model in hand we can now write down the the potential|it is given in










minimization of the potential in our case needs to be done numerically but several features
about the resulting ground state can be deduced in a straightforward way.
Notice rst, that the superpotential has two scales 
1
and M . These will determine the
various scales which appear in this problem. The scale of the vacuum expectation values v















In order for our approximations to be justied v needs to be large enough. Quantitatively,
we need 
1L
=v  1, where 
1L
is the strong coupling scale of the intermediate scale SU(N)
theory. Since the rst term in the superpotential (2.8) is of order 
3
1L












to be valid. Eq. (2.10) can be met, for N > 5, if v M
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.
Hereafter it will be convenient to use v and M as the two independent energy scales. The










while the masses of the elds in the sigma model are  W=v
2









For N = 5, this condition can be met by making a dimensionless Yukawa coupling small.
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Note that (for N > 5) the scale of supersymmetry breaking, F
1=2
, eq. (2.11), is much higher
than the scale of the masses, eq. (2.12), if M  v.
We turn now to the global symmetries. As is clear from eq. (2.8), the superpotential has




transform as fundamentals. Intuitively, it
is clear that when the parameter a appearing in the third term of the superpotential (2.8) is
large, this theory should have a vacuum which preserves the global SP (N   3) symmetry. In
the limit of large a, the elds that transform under the SP (N 3) symmetry can be integrated
out if the eld S has an expectation value. The resulting theory of the light elds (the elds S
and P
N 2
) is expected to have a stable vacuum at nonvanishing value of S since the potential
is singular for both zero and innite eld values. In fact, the numerical minimization of the
potential shows that an SP (N  3) symmetric stable vacuum exists for a wide range of values
of a (not necessarily  1).
2.3.2 Mass Spectrum.
With this background in mind we turn to the numerical minimization. We will in particular
be interested in the masses of the SP (N   3) fundamentals P
A
; A < N   2, since they
will play the role of messenger quarks in the subsequent discussion of model building. For
deniteness, we focus on the case N = 11 which will be of interest in that context. The
numerical investigation shows that an extremum exists where the only nonvanishing vacuum
expectation values are those of the elds S and P
1N 2
(such an extremum in fact exists for
general N). In particular the eld P
2N 2
does not acquire an expectation value.
7
The expectation values of S and P
1N 2
are given by:















In order to establish that this extremum is in fact a minimum, the scalar masses need
to be computed. One nds that all components (scalar as well as fermionic) of the S and
P
N 2
supermultiplets have mass of order m, except the R axion, which is massless because
the R symmetry is broken, and the goldstino (both are linear combinations of the appropriate
components of S and P
1N 2
). The R axion becomes massive due to higher dimensional
operators necessary to cancel the cosmological constant [17]. The scalar masses of the SP (N 
7
There may exist other extrema of the potential where also the eld P
2N 2
6= 0. We have not studied











































From eq. (2.14) we see that our intuition that for suciently large coecient a the SP (N 3)
symmetric vacuum is stable holds true: if a > 0:5, all mass squared scalar eigenvalues are
positive and the above discussed extremum is in fact a minimum of the energy.
The fermionic components of the SP (N   3) fundamentals P
A
, A = 1; :::; N   3, have a
Dirac mass term, which can be directly read o the last term of eq. (2.8), after substituting
the vacuum expectation value of the eld S (in the vacuum (2.13), the Kahler connection [19]












A few comments are now in order:
First, it is useful to consider the messenger elds' spectrum, (2.15) and (2.14), in the a 1
limit. The fermion mass squared and the diagonal components of the scalar mass matrix
become equal in this limit. Furthermore, the fermion mass squared is equal to the average
of the squared masses of the scalar mass eigenstates, and the splitting in the supermultiplet
(proportional to
p
a) is much smaller than the supersymmetric mass (proportional to a). The
spectrum of the messenger elds in this limit is very similar to that obtained in the models
of ref. [4], where gauge singlet elds are responsible for generating both the supersymmetric
and supersymmetry breaking masses. This is because in the a  1 limit, the masses of the
SP (N   3) fundamentals mainly arise due to the last term in the superpotential in eq. (2.8),
which has the form of the singlet|messenger elds coupling in the models of ref. [4].
Second, it is very likely|at least in the a  1 limit|that the vacuum we have explored
here is in fact the global minimum of the theory. This is to be contrasted with the models
of ref. [4], which contain a more elaborate messenger sector. In these models, the required
vacuum|with an F term expectation value for the singlet, which couples to the messenger
quarks|is only local. Usually there is a deeper minimum, in which the singlet F term
expectation value vanishes, while the messenger quarks have expectation values, breaking the
Standard Model gauge group at an unacceptably high scale (avoiding this problem requires
an even more complicated messenger sector, as shown in ref. [6]).
Finally, while we studied the N = 11 case above, one can show numerically that a corre-
sponding vacuum with unbroken SP (N   3) symmetry exists for more general values of N
8
The kinetic terms of all elds in eqs. (2.14) and (2.15) have been brought to canonical form.
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(with N  5 ). The low-energy spectrum in these cases is also qualitatively very similar to
the N = 11 case studied above.
Having understood the supersymmetry breaking vacuum and the spectrum of low-lying
excitations in some detail we now turn to using these theories for model building.
3 Communicating Supersymmetry Breaking.
3.1 Basic Ideas.
The basic idea is to construct a model containing two sectors: the usual Standard Model
sector, consisting of the supersymmetric Standard Model and a supersymmetry breaking sector
consisting of an SU(N)  SU(N   2) theory studied above. We saw above that the latter
theories have an SP (N   3) global symmetry which is left unbroken in the supersymmetry
breaking vacuum. A subgroup of SP (N   3) can be identied with the Standard Model
gauge symmetries. On doing so, the SP (N   3) fundamentals, P
A
, acquire Standard Model
quantum numbers as well. Consequently their supersymmetry breaking masses will lead,
radiatively, to soft supersymmetry breaking masses for the supersymmetric Standard Model
scalar elds and gauginos. As in ref. [4], the gaugino masses arise at one loop while the scalar
mass (squares) arise at two loops.
The minimal SP (2k) group in which one can embed SU(3)SU(2)U(1) is SP (8)|this
corresponds to taking N = 11. It was on this account that the N = 11 case was studied
in some detail above. Alternatively, one can consider embedding the Standard Model gauge
groups in SP (10)|using the SU(13)SU(11) models|in which case the messengers fall into
2 (5+

5) of SU(5), preserving thus the gauge coupling unication.
In this section we use the induced supersymmetry breaking masses to estimate, in some
generality, the various energy scales in the supersymmetry breaking sector. In the following
two sections we then discuss the resulting models in more detail.
In section 2.3.1, we found that the scale of the messenger masses (2.12) is given by m =
M(v=M)
(N 4)





Since supersymmetry breaking is communicated to the gauginos at one loop and to the scalar
superpartners at two loops, the scale of the soft supersymmetry breaking parameters of the





























































Since M suppresses the non-renormalizable operators in eq. (2.2) one natural value it can
take is M
P lanck
. We consider this case in some detail here. On setting M =M
P lanck
' 2  10
18











GeV. As discused above, the
smallest value of N for which the Standard Model groups can be embedded in the avor group




GeV, i.e. the supersymmetry breaking scale is of
order the intermediate scale. It also follows from eq. (3.18) that on increasing N , the scale of
supersymmetry breaking increases very slowly. For example, with N = 13|the smallest value






GeV, still of order the intermediate
scale. One consequence of the supersymmetry breaking scale being of order the intermediate
scale is that the squark and slepton masses due to supergravity, of order F=M
P lanck
, will be
comparable to the masses induced by the gauge interactions. These models can therefore
be thought of as \hybrid models" in which scalar masses arise due to both supergravity and
gauge interactions, while gaugino masses arise solely from the gauge interactions.
It is also illustrative to work out the other energy scales in the supersymmetry breaking
sector. For concreteness we focus on the N = 11 theory. From eq. (2.9) we nd that v  10
16




GeV. Notice in particular that 
1L
 v
so that the requirement in eq. (2.10) is met and the approximations leading to the sigma
model are valid. The underlying physics giving rise to supersymmetry breaking in this model
can be described as follows. One starts with a SU(11)SU(9) theory at very high energies. At
v  10
16
GeV, the SU(9) symmetry is broken giving rise to a theory consisting of some moduli





giving rise to a sigma model consisting of the moduli and the dilaton. Finally, supersymmetry
breaks at 10
10
GeV giving rise to masses for messenger quarks of order 10 TeV. It is worth
noting that this large hierarchy of scales is generated dynamically. We also note that this
hybrid model does not exhibit Landau poles (below scales, higher than v  10
16
GeV) of the
Standard Model gauge groups: between the messenger scale and the scale v, in addition to
the usual quark, lepton and Higgs supermultiplets only two vectorlike SU(3) avors and two
12
SU(2) fundamentals contribute to the running of the gauge couplings. Above the scale 10
16
GeV, new physics is expected to take over, as discussed in the Introduction.
The high scale of supersymmetry breaking in these models poses a problem and constitutes
their most serious drawback. It implies that one cannot generically rule out the presence of
large avor changing neutral current eects. Such eects could arise due to higher dimensional
operators in the Kahler potential. For these models to be viable, physics at the Planck scale
would have to prevent such operators from appearing. In this respect these models are no
better than the usual hidden sector models.
It is worth emphasizing the key features of the SU(N)  SU(N   2) theories that are
ultimately responsible for the high scale of supersymmetry breaking. The requirement that
the avor group is big enough forces one to large values of N in these theories
9
. Furthermore,
supersymmetry breaking occurs only in the presence of nonrenormalizable operators whose
dimension grows with N . Suppressing these operators by the Planck scale leads to the high
scale of supersymmetry breaking.
3.3 Purely Gauge Mediated Models.
One would like to nd other theories in which the requirement for a big enough avor symmetry
can be met without leading to such a high supersymmetry breaking scale. We are not aware,
at present, of such theories. However, in view of the large hierarchy of scales that separates the
microscopic theory from the sigma model in the cases discussed above, one can ask if at least a
sigma model can be constructed as an eective theory to meet these requirements. The answer,
it is easy to see, is yes. For example, we can take the dimensions of the elds in the eective
lagrangian (2.7), (2.8) to be equal to, say, D|being thus dierent from their dimension,
N   2, dictated by the underlying SU(N) SU(N   2) theory|and change correspondingly
the power of the 1=M -factors, the powers in the Kahler potential and the power of S in the
nonperturbative term in the superpotential, eq. (2.8). An analysis similar to the one above
shows that these sigma models break supersymmetry as well, while leaving an SP (N   3)
avor subgroup intact. The mass spectrum of low lying excitations in these theories is also
qualitatively of the form in eq. (2.14) and eq. (2.15). Following then the same arguments
that lead to eq. (3.18) for the supersymmetry breaking scale, we nd that the exponent in
eq. (3.18) changes to (D   1)=(2(D   2)) instead. Consequently, for D = 4 or 5 (even with
M =M
P lanck
), the scale of supersymmetry breaking is suciently low for supergravity eects
9




GeV, and the problem of
avor changing eects may be alleviated. However, in this case, we can not embed the whole Standard Model
gauge group in the unbroken SP (N   3  4) global symmetry (in particular, the gluinos would have to be
massless in this framework).
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to be unimportant.
It is illustrative to compare the energy scales obtained in such a model with those obtained
in the \hybrid" models above. We consider the D = 4 case for concreteness. The supersym-
metry breaking scale in this case is of order 10
7
GeV, well below the intermediate scale, while
the scale of the vacuum expectation values is  10
11
GeV. Therefore the the sigma model
breaks down at an energy scale well above the scale of supersymmetry breaking.
10
Finally, we note that the supersymmetry breaking scale can also be lowered by making
M < M
P lanck
. The sigma model of Section 2.2.2 in this case would be an eective theory
which would arise from some underlying dynamics at scale M . However, to suppress the











where  denote Standard Model elds, in the eective theory. Such terms, if present in a avor
non-universal form, would be problematic (at least for N suciently large to accommodate
the whole Standard Model gauge group). It is possible that they might be absent in a theory
where the last two terms in eq. (2.8) arose due to non-perturbative dynamics that only couples
to the

R elds but not to the Standard Model.
Once the supersymmetry breaking scale is suciently lowered one can use these sigma
models to construct purely gauge mediated models of supersymmetry breaking. The resulting
models have a weakly coupled supersymmetry breaking cum messenger sector. The phe-
nomenology of these models will be briey discussed in the following section.
4 Phenomenological Implications.
In this section, we discuss the phenomenological implications of the \hybrid" models of dy-
namical supersymmetry breaking, introduced above. Towards the end we will briey comment
on some expected features of purely gauge mediated models with a combined supersymmetry
breaking and messenger sector. In our discussion of hybrid models we will, where necessary,
focus on the SU(11)SU(9) model, in which the SU(3)SU(2)U(1) groups are embeded
in the SP (8) global symmetry group.
We begin with two observations. First, since the supersymmetry breaking scale is high in
these models, the gravitino has a weak scale mass and is not (for non-astrophysical purposes at
any rate) the LSP. Second, since the supersymmetry breaking sector is coupled quite directly
10
The scale at which the eective theory breaks down could be smaller than the perturbative estimate
coming from the sigma model,  4v, would indicate. For example, if we had retained the corrections to the
Kahler potential of order 
L
=v, discussed in Section 2.2.1, we would have found that the model breaks down
at a scale 
L




to the Standard Model sector, the masses of the (light) elds in the supersymmetry breaking
sector are of order 10 TeV. Consequently, at this scale one can probe all the elds that play
an essential role in the communication and the breaking of supersymmetry.
We now turn to considering the spectrum of soft supersymmetry breaking masses that
are induced in these models. For deniteness we focus on the SU(11)  SU(9) model, in
which the SU(3)  SU(2)  U(1) groups are embeded in the SP (8) global symmetry group.





fundamentals of SP (8). Upon embedding the Standard Model gauge group in SP (8), we nd
that the two fundamentals decompose as 2 (

3; 1; y), 2 (3; 1; y), and 2 (1; 2; 0) under
SU(3)SU(2)U(1). These elds will play the role of messenger quarks and leptons|upon
gauging the Standard Model gauge group messenger elds loop graphs induce supersymmetry
breaking soft gaugino and scalar masses.
A detailed analysis of the resulting spectrum of masses is beyond the scope of this paper.
Here we will for simplicity work in the large-a limit. In this limit, the messenger spectrum
approaches that of models with fundamental messenger singlet elds, and the formulas of
ref. [4] (see also [8]) for the gauge induced masses of the Standard Model gauginos, squarks,
sleptons, and Higgses are applicable.
11
The parameter  of ref. [4] is given in the present case
from eqs. (2.14) and (2.15) to be   0:19 m, where m is dened in eq. (2.12).














; i = 1; 2; 3 denote the Standard Model gauge couplings corresponding to U(1), SU(2),






= 1 and c
3
= 2. We note that the normalization
for hypercharge has been kept arbitrary. Gluino masses have an additional enhancement,
since there are more messengers carrying color than carrying SU(2) quantum numbers. Had
we used the SU(13)  SU(11) model mentioned in the previous section (to maintain gauge
coupling unication), the gaugino masses would be related in a more conventional way.
Let us now turn to the scalar masses. As noted in the previous section, scalars in these
models receive contributions due to both gauge and gravitational eects. Gravitational eects






GeV at the Planck scale.
12
In addition, at the messenger scale  10 TeV gauge interactions induce non-universal con-
tributions of a magnitude comparable to the gaugino masses (4.20). These gauge interaction
induced masses can also be calculated in the large-a limit from the formulas in [4].
11
To analyze the soft supersymmetry breaking spectrum for values of a  1 a more involved analysis
is required. Such a calculation can be performed by modifying the results of ref. [7]|a dierent "avor"
rotation of the messenger scalars is needed, since the scalar mass matrix in ref. [7] is not of the form (2.14).
12
We are assuming as usual here that the Kahler metric is at.
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Since squarks acquire contributions to their masses both at high (Planck) and low (messen-
ger) scales, while gauginos obtain masses only at the low messenger scale, the renormalization
group running in the hybrid models is quite dierent from the running in supergravity hidden
sector models and from that in gauge mediated, low-energy supersymmetry breaking models.
We leave the detailed study of the renormalization group eects for future work.
Getting a big enough  term in these models is a problem. Since the model is \hy-
brid", one could attempt to use 1=M
2
P lanck


























, to generate the desired  and B terms. However, it is easy to





is generally of the right order of magnitude, the resulting







B and is therefore too small. A similar conclu-






, with b being an SP (N 3)-singlet
baryon, which can be used to generate a reasonable B term and a negligible  term (to see










, with M  10
18
GeV, v  10
16
GeV, and N = 11).
To avoid this small- problem, one could use the approach of ref. [4] and introduce a
special sector of the theory, constrained by some discrete symmetry, which will be responsible
for generating the  term. For example, this could be achieved by requiring an appropriate
SP (N   3)-singlet baryon, b=M
N 3
, to play the role of the singlet eld S of ref. [4] (see
Section 4 of last paper in [4]) and the introduction of an additional singlet T with appropriate
couplings in the superpotential. From the point of view of low-energy phenomenology, this
approach implies that when analyzing the low-energy predictions of the model,  and B
should be treated as free parameters.
A few more comments are in order.
First, electroweak symmetry breaking will occur radiatively in these models, with the large
top Yukawa driving the mass square of one Higgs eld negative. Second, these models do not
suer from a supersymmetric CP problem. This can be seen immediately in the sigma model
superpotential eq. (2.8), where all phases can be rotated away.
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Finally, we note that the
hybrid models are likely to inherit some of the cosmological problems of hidden sector models.
For example, the R axion, whose mass in this model can be seen to be of order the electroweak
scale [17], is very weakly interacting, f
axion
 v  10
16
GeV, and may suer the usual Polonyi
problem. This problem could be solved, for example, by invoking weak scale ination.
We end with a few comments about the phenomenological implications of purely gauge
mediated models with a supersymmetry breaking-cum-messenger sector. As was mentioned in
13
It can also be seen in the underlying SU(N) SU(N   2) theory where all phases except for the  angle
of SU(N   2) can be rotated away. Since the SU(N   2) group is broken at a very high scale, its instantons
are highly suppressed.
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Section 3, while we do not have examples of underlying microscopic theories of this kind yet,
it is easy enough to construct eective eld theories which contain such a sector. A few key
features emerge from considering such sigma models, which are likely to be generally true in
gauge mediated models of this kind. First, as we have seen above, the scale of supersymmetry
breaking which governs the mass and interaction strength of the gravitino, is a parameter
which can take values ranging from 10 TeV to 10
10
GeV and can therefore be very dierent
from the value of the messenger eld masses. It should therefore be treated as an independent
parameter in considering the phenomenology of these models. Second, one consequence of
having a combined supersymmetry breaking and messenger sector is that all the degrees of
freedom responsible for the communication and the breaking of supersymmetry breaking can
be probed at an energy of about 10 TeV. Finally, the form of the mass matrix of the messenger
elds can be dierent from that in the models of ref. [4], as is clear from eqs. (2.14) and (2.15).
In particular, the sum rule relating the fermion and boson masses is not respected in general.
We expect this to be a general feature of such models. In studying the phenomenological
implications it will be worthwhile to consider this more general form of the messenger mass
matrix.
5 Summary.
In conclusion we summarize the main results of this paper and indicate some possible areas
for future study:
 We began this paper by studying a class of supersymmetry breaking theories with an
SU(N)  SU(N   2) gauge group. We showed how the breaking of supersymmetry in
these theories can be studied in a calculable low-energy sigma model. The sigma model
was used to show that a large subgroup of the global symmetries is left unbroken in these
theories, and to calculate the low-energy mass spectrum after supersymmetry breaking.
 We then turned to using these theories for model building. The models we constructed
had two sectors: a supersymmetry breaking sector, consisting of the above mentioned
SU(N) SU(N   2) theories, and the supersymmetric Standard Model. The essential
idea was to identify a subgroup of the global symmetries of the supersymmetry breaking
sector with the Standard Model gauge group. In order to embed the full Standard Model
gauge group in this way, we were lead to consider large values of N , i.e. N  11, and
as a consequence of this large value of N , the supersymmetry breaking scale was driven
up to be of order the intermediate scale, i.e. 10
10
GeV. Hence, these models are of a
\hybrid" kind|supersymmetry breaking is communicated to the Standard Model both
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gravitationally and radiatively through the Standard Model gauge groups in them.
 We briey discussed the phenomenology of these models. The main consequence of the
messenger elds being an integral part of the supersymmetry breaking sector is that all
the degrees of freedom responsible for both communicating and breaking supersymmetry
can be probed at an energy of order 10 TeV. In the hybrid models gauginos acquire mass
due to gauge mediated eects, while scalars acquire mass due to both gauge and gravi-
tational eects. We leave a more detailed investigation of the resulting mass spectrum,
including the eects of renormalization group running for further study.
 It is worth mentioning that in these models there is a large hierarchy of scales that is
generated dynamically. For example, even though the scale of supersymmetry breaking
is high, of order 10
10
GeV, the masses of the messenger elds|the lightest elds in
the supersymmetry breaking sector that carry Standard Model charges|are of order 10
TeV. Furthermore, the sigma model used for studying the low-energy dynamics breaks
down at a scale 10
12
GeV|well above the scale of supersymmetry breaking.
 Prompted by this large hierarchy of scales, we showed how a class of sigma models can
be constructed that|while retaining a big global symmetry group|allow the super-
symmetry breaking scale to be lowered. We are not aware of any underlying theory that
gives rise to these eective theories. Nevertheless, since the scale at which these eective
theories break down is considerably higher than the scale of supersymmetry breaking,
they can furnish a consistent description of supersymmetry breaking. We used these
sigma models to construct purely gauge mediated models of supersymmetry breaking,
in which the scale of supersymmetry breaking could be considerably lower than 10
10
GeV.
 These purely gauge mediated models reveal the following features that should be gen-
erally true in models with supersymmetry breaking-cum-messenger sector that have an
eective low-energy weakly coupled description. First, the supersymmetry breaking
scale can in general be quite dierent from the scale of the messenger eld masses|it
can range from 10 TeV to 10
10
GeV, while the messenger eld masses are of order 10
TeV. Second, as in the hybrid models, all degrees of freedom that are responsible for
communicating and breaking supersymmetry can be probed at an energy scale or order
10 TeV. Third, the masses of the messenger quarks can in general be dierent from those
obtained in the models with a weakly coupled messenger sector, containing fundamental
singlets. For example, the average mass of the messenger scalars need not equal that of
the messenger fermions. A detailed investigation of the phenomenology of such models,
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incorporating these features, needs to be carried out. We leave such an investigation for
the future.
 Finally, we hope to return to the construction of purely gauge mediated models of su-
persymmetry breaking with a combined supersymmetry breaking and messenger sector.
One would like to construct a consistent microscopic theory which could give rise to an
adequate supersymmetry breaking sector. A minimal model of this kind would serve to
further guide phenomenology. It would also prompt an investigation of more theoretical
questions|like those associated with the loss of asymptotic freedom for the Standard
Model gauge groups.
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